The aim of this work is to demonstrate a complete, robust, and time-efficient method for distortion correction of magnetic resonance ͑MR͒ images. It is well known that MR images suffer from both machine-related spatial distortions ͓gradient nonlinearity and main field ͑B 0 ͒ inhomogeneity͔ and patient-related spatial distortions ͑susceptibility and chemical shift artifacts͒, and growing interest in the area of MR-based radiotherapy treatment planning has put new requirements on the geometric accuracy of such images. The authors present a two-step method that combines a phantom-based reverse gradient technique for measurement of gradient nonlinearities and a patient-based phase difference mapping technique for measurement of B 0 inhomogeneities, susceptibility, and chemical shift distortions. The phase difference mapping technique adds only minutes to the total patient scan time and can be used to correct a variety of images of the same patient and anatomy. The technique was tested on several different phantoms, each designed to isolate one type of distortion. The mean distortion was reduced to 0.2Ϯ 0.1 mm in both gradient echo and spin echo images of a grid phantom. For the more difficult case of a highly distorted echo planar image, residual distortion was reduced to subvoxel dimensions. As a final step, the technique was implemented on patient images. The current technique is effective, time efficient, and robust and provides promise for preparing distortion-rectified MR images for use in MR-based treatment planning.
I. INTRODUCTION
In recent years, considerable interest has been shown in magnetic resonance ͑MR͒ for use in radiation treatment planning. This can be attributed to ͑1͒ the superior soft tissue contrast of MR compared to computed tomography ͑CT͒, which results in better structure delineation, 1, 2 and ͑2͒ the growing use of conformal dose delivery techniques which inspire greater accuracy in tumor delineation. As such, MR-based treatment planning presents opportunities for improved patient outcomes. In addition to potential clinical benefits, MR may offer potential reductions in workload. Manual segmentation of tumor and critical structures is a time-consuming task at present; however, the exquisite soft tissue contrast of magnetic resonance imaging ͑MRI͒ improves the performance of autosegmentation tools that could soon replace manual segmentation. 3 Despite these advantages, the utility of MR in radiation treatment planning applications is hampered by a lack of electron density information ͑a prerequisite for dose calculations͒ and the inherent geometric distortions of the images it provides.
Considerable work has been carried out to show the equivalence of treatments planned on CT images and on MR images using bulk assignment of electron densities. [4] [5] [6] [7] In addition, many groups investigated the geometric inaccuracies which vary from system to system and depend on the gradient coil design, magnetic field strength, and particular imaging parameters. The literature reports distortions of up to 25 mm over a 24 cm field for 1.5 T magnets with distortions increasing as the field of view ͑FOV͒ is enlarged. [8] [9] [10] Despite such findings, reports of MR-based treatment planning and comparisons of tumor volumes delineated on MR and CT patient images far outweigh the reports of detailed distortion measurement and correction schemes. In many cases, distortion correction is based on vendor-supplied corrections, 5 or patient-related distortions are assumed negligible for low field systems, 4, [11] [12] [13] or because small fields of view are used.
14 While patient-related distortions may be minimal at low fields, this assumption cannot generally be extended to higher field strengths as such distortions are proportional to the strength of the main static magnetic field. Furthermore, much of the MR distortion correction literature focuses on gross image distortion observed in echo planar images. [15] [16] [17] The efficacy of these distortion correction methods are qualitatively observed, but quantitative measurements of residual distortion are not given for the more subtle forms of image warping which may affect typical treatment planning images. [15] [16] [17] It is our belief that a detailed, comprehensive, and verifiable distortion measurement and correction scheme must be developed and implemented before proceeding to MR-based treatment planning. Distortions in MR can be divided into system-related field distortions ͑gradient nonlinearity and B 0 inhomogeneity͒ and patient-related field distortions ͑susceptibility and chemical shift͒. Because the MR signal is spatially encoded based on assumptions about the variation in magnetic field strength, any unknown field distortions will lead to spatial distortions in the generated image. Therefore, with the purpose of image distortion correction in mind, it is useful to divide the field distortions into those that result in sequence-independent spatial distortions and sequence-dependent spatial distortions. For most commercial systems ͑i.e., those with a single set of gradients͒, gradient nonlinearities lead to sequenceindependent spatial distortions, whereas B 0 inhomogeneity, susceptibility, and chemical shift lead to sequence-dependent spatial distortions. In the special case that a scanner has more than one set of gradients, gradient nonlinearities need to be quantified for each set and corrections must be applied depending upon the gradient set used for the sequence in question. Although many groups previously cited carried out MRbased treatment planning on low field systems and therefore ignored sequence-dependent spatial distortions, Jackson et al. recently published work where both types of distortion were corrected using the reverse gradient method where two time-consuming 3D spin echo sequences were acquired. 18, 19 Here we present a complete and time-efficient method for distortion correction which permits the correction of many patient images ͑acquired during the same session͒ based on the acquisition of only a single additional patient scan. It combines the reverse gradient method for measurement of sequence-independent spatial distortions ͑obtained from a one-time phantom imaging experiment͒ and the double echo gradient echo ͑GE͒ phase mapping method 20 for measurement of field distortions and subsequent calculation of sequence-dependent spatial distortions. Where more than one imaging sequence may be required for tumor diagnosis and delineation, 5 this method could save considerable patient scanning time since several images can be corrected based on the same field distortion map, which takes less than 3 min to acquire. The comprehensive measurement and correction scheme were validated on a variety of phantoms, each designed to highlight a different type of distortion; it was then applied to correct images of a patient volunteer. The method minimally increases patient scan time, is robust, corrects for both system-and patient-related distortions, is applicable for a variety of sequences, and could be applied at any field strength.
In our previous work, we described a method for distortion measurement and correction based on images of a cubic phantom containing a regular array of grids. 21 The 3D locations of grid intersection points-referred to as control points-were measured using both CT and MR images. Reverse gradient MR images were obtained in order to separate sequence-independent and sequence-dependent spatial distortion contributions. The method was shown to be both accurate and reproducible. Because of the small size of the original phantom ͑30ϫ 30ϫ 30 cm 3 ͒, distortions could only be characterized over a limited field of view. We have since increased the phantom dimensions to roughly 58ϫ 30 ϫ 30 cm 3 so as to allow for correction of gradient nonlinearity distortions over clinically relevant fields of view ͑i.e., for pelvic imaging͒. Furthermore, we have augmented the correction scheme by adding patient-related distortion correction through the use of double echo gradient echo phase mapping. The current procedure allows for a quick, comprehensive correction of distortions over large fields of view.
II. THEORY
For image distortion measurement and correction purposes, it is useful to separate the distortion into two types: Sequence-independent spatial distortions and sequencedependent spatial distortions.
II.A. Sequence-independent spatial distortions
Sequence independent spatial distortions are those due to gradient nonlinearities. Every image acquired on a particular scanner will suffer the same distortions due to the inherent nonlinearity of the x, y, and z gradient coils. Such distortions are typically measured using a grid-type phantom and can be separated from other types of spatial distortion ͑sequence-dependent͒ through the reverse gradient technique. 19, 21 In the reverse gradient technique, two images are acquired using the same imaging parameters-aside from a reversal in the read gradient polarity. Sequence-independent spatial distortions are not affected by this difference in read gradient polarity, while sequence-dependent spatial distortions are. 19, 21 When implemented on an object of known geometry ͑i.e., a grid phantom containing discrete points͒, the reverse gradient technique provides an effective way to separate sequence-independent and sequence-dependent spatial distortion contributions. The effect of sequence-dependent spatial distortions on the grid positions can be removed by taking their average locations from both forward and reverse gradient images; then by comparing the average MR grid locations to the CT grid locations, the sequence-independent spatial distortions can be obtained. Because these distortions arise from gradient nonlinearities, they are neither object nor sequence dependent. They can be measured once, and since every image-regardless of its orientation-is formed using some combination of these gradients, these corrections can be applied to any image. For a more detailed description of theory, the reader is referred to the literature. 19, 21 
II.B. Sequence-dependent spatial distortions
Sequence-dependent spatial distortions arise from field distortions due to inhomogeneities in the main field ͑⌬B 0 ͒, differences in susceptibility ͑⌬B X ͒, and chemical shift ͑⌬B CS ͒. Thus, they are comprised of both machine-and object-dependent field distortion sources. They will henceforth be collectively referred to as field distortions ⌬B, where ⌬B = ⌬B 0 + ⌬B X + ⌬B CS . The spatial distortions resulting from these field distortions will be referred to as sequence-dependent spatial distortions. While the reversed gradient method can easily be used to measure both sequenceindependent and sequence-dependent spatial distortions in phantom images, it is much more difficult to implement for patient images where paired image features are not easily identified. Chang and Fitzpatrick 19 used fourth-order RungeKutta integration to solve the problem of matching discrete image points, while Reinsberg et al. 22 proposed using mutual-information and cross-correlation based registration of the two reversed gradient image sets.
Apart from the reversed gradient method, sequencedependent distortions can be determined and corrected using the double echo gradient echo scheme proposed by Jezzard and Balaban. 20 This method generates a field distortion map from which the spatial distortions can be calculated; it requires a single additional scan of interleaved gradient echo images acquired using two different echo times. For standard gradient echo sequences, the phase contributions at the echo time, TE, can be written as ͑x,y,z,TE͒ = 2␥ · ͕⌬B͑x,y,z͒ · TE͖, ͑1͒
where ͑x , y , z͒ gives the spatial location, ␥ is the gyromagnetic ratio of hydrogen, and ⌬B is the underlying field distortion. If the phase image is recorded at two different echo times such that ⌬TE= TE 2 −TE 1 , then the field distortions can be obtained from the unwrapped phase difference map ⌬. That is, ⌬B͑x,y,z͒ = ⌬͑x,y,z,⌬TE͒
2␥⌬TE . ͑2͒
The field distortion map ⌬B can be converted into a sequence-dependent spatial distortion map in either pixel shifts or Cartesian coordinate shifts and can be added to the sequence-independent spatial distortion map. This provides a complete mapping between distorted and rectified image coordinates and allows correction of both sequenceindependent and sequence-dependent spatial distortions.
II.C. Distortion correction
Acquisition of the phase difference map provides information about the underlying magnetic field inhomogeneities due to B 0 nonuniformity, susceptibility effects, and chemical shift. These field distortions ⌬B affect different images in different but predictable ways. Specifically, in the case of 3D gradient or spin echo imaging where one line of k space is filled following each excitation, such distortions affect only the read gradient direction. The effect of sequence-dependent distortions in the frequency encoding direction can be seen by analyzing the phase evolution between subsequent frequency encoding steps. If we assume that the frequency encoding takes place in the x direction and phase encoding in the y and z directions, then under ideal conditions, we could write
where ⌬ fe is the phase evolution in the frequency encoding direction, G fe is the frequency encoding gradient strength, and ⌬t is the time between subsequent digitizations ͑i.e., 1/bandwidth͒. However, because of inherent field inhomogeneities ⌬B, additional phase is accumulated such that Eq. ͑3͒ must be rewritten as
It is the last term in Eq. ͑4͒ that gives rise to the spatial mispositioning in the x ͑frequency encode͒ direction,
where xЈ is the distorted position, x is the true position, and ⌬x SD is the sequence-dependent spatial distortion. From Eq. ͑5͒, it can be seen that the magnitude of distortion scales inversely with the strength of the read gradient. If 2D images are acquired instead of a 3D image set, then an equation analogous to Eq. ͑5͒ can be written for the slice-select ͑i.e., z͒ direction.
In the case of echo planar imaging ͑EPI͒, all of k space is traversed following a single excitation of the sample. Distortions remain an issue in the frequency encoding direction and Eq. ͑4͒ still applies. However, because of the very large read gradient that is needed in order to fill all of k space following a single excitation, distortions in the frequency encoding direction are minimized. Moreover, because only a single excitation is used, phase evolution due to B 0 inhomogeneity, susceptibility, and chemical shift also affect the phase encode direction. If the time between subsequent phase encodes is given as ⌬t pe = N · ⌬t +2·t ramp , where N is the number of samples in the frequency encoding direction, ⌬t is the time between subsequent digitizations ͑again, 1/bandwidth͒, and t ramp is the ramp time for the switched gradients, then an equation analogous to Eq. ͑4͒ can be written for the phase evolution between adjacent phase encode steps,
where ⌬G pe is the blipped phase encode gradient step size, is the duration of the blipped phase encoding gradient, and G pe = ͑⌬G pe ͒ / ͑N · ⌬t +2·t ramp ͒ is the "effective" phase encode gradient in an EPI experiment. Similarly, it is the last term in Eq. ͑6͒ that gives rise to sequence-dependent distortions in the y direction. That is, yЈ = y + ⌬y SD , where ⌬y SD = ⌬B/G pe . ͑7͒
Again, yЈ is the distorted coordinate, y is the true coordinate, and ⌬y SD is the sequence-dependent spatial distortion. From the above equations, it is evident that knowledge on the k-space trajectory, ͑effective͒ gradient strengths, and a detailed field distortion map ⌬B are all required for correction of sequence-dependent distortions. In summary, sequence-dependent distortions scale with the inverse of the gradient strength; they affect standard spin echo and gradient echo images in the frequency encoding direction͑s͒ only but affect echo planar images in both the phase encode and frequency encode directions. Thus, a single field distortion map can be used to calculate several sequence-dependent spatial distortion maps and to correct multiple images of the same object or anatomy provided that the k-space trajectory and gradient strengths of each imaging sequence are known. When a variety of distortion-corrected images with complementary clinical information are required for tumor delineation and treatment planning purposes, the ability to quickly correct all images with the information provided by a single additional patient scan presents an attractive and time-efficient option.
II.D. Intensity correction
Both sequence-independent and sequence-dependent spatial distortions lead not only to geometric mispositioning of signal but also to intensity distortions. Through the distortion transformation, signal intensity arising from a uniform voxel is either compressed or stretched to a voxel of a different size, shape, and location. Thus, the apparent voxel intensity is altered and must be corrected through multiplication of the Jacobian. 9 The calculation of the Jacobian factor and the subsequent intensity correction were carried as per the method described by Doran et al. 
III. METHODS AND MATERIALS

III.A. The phantom
A 3D distortion phantom is used to measure the sequenceindependent spatial distortions. The central portion of the phantom consists of 17 polystyrene grid sheets, evenly spaced within a 30ϫ 30ϫ 30 cm 3 polymethylmethacrylate case. The interior is filled with ͑MR͒ signal producing mineral oil and a control point is defined as the intersection of three planes-where the first two planes are contained by the grid and the third plane is the liquid/grid interface. For further discussion of the basic phantom, the reader is referred to our previous publication. 21 In order to facilitate large field of view measurements, two lateral phantom extensions were built using the same materials cited above. With the extensions attached on either side of the basic cubic phantom, the large FOV phantom fills the lateral extent of the magnet's bore-578 mm. The large FOV phantom is shown in Fig. 1 . The grid spacing, grid material, and the mineral oil used to fill the phantom are the same as quoted for the basic phantom. An alignment grid was used to ensure reproducible setup in the MR bore and on the CT couch.
III.B. Image acquisition
MR images were acquired on a 3.0 T Intera MRI scanner ͑Philips Medical Systems, Cleveland, OH͒ using the body coil. To determine gradient distortions, the large FOV phantom was scanned using the reverse gradient technique and a 3D GE sequence with TE, TR, and flip angle of 2.01 ms, 8 .60 ms, and 28°, respectively. A single k-space line was encoded per TR. The image was acquired using a 530 mm FOV, a 512ϫ 512 matrix, and 440 slices with a slice spacing of 0.72 mm. The x, y, z voxel dimensions were thus 1.04 ϫ 1.04ϫ 0.72 mm 3 . Two scans were obtained-the first with a positive read gradient polarity ͑20.84 mT/m͒ and the second with a negative read gradient polarity ͑Ϫ20.84 mT/m͒. In order to define the true, undistorted control point locations, a corresponding CT image was acquired using the Philips Brilliance Big Bore CT scanner ͑Philips Medical Systems, Cleveland, OH͒. A 600 mm FOV was used and images were acquired on a 512ϫ 512 imaging matrix with 614 spiral slices and a reconstructed slice spacing of 0.5 mm. Voxel dimensions were thus 1.17ϫ 1.17ϫ 0.5 mm 3 . By comparing the average control point locations from both MR scans to the true locations in the CT scan, the spatial distortions due to gradient nonlinearities could be separated from those due to the combined effects of B 0 inhomogeneity, susceptibility, and chemical shift. For a detailed explanation of the reversed gradient technique, the reader is referred to the literature. 19, 21 Field distortions were measured using a double echo gradient echo imaging scheme 20 and were used to calculate sequence-dependent spatial distortion maps. After acquiring the double gradient echo phase difference map, the autoshimming, higher order shimming, and f 0 determination procedures were disabled. This ensures identical imaging conditions for the distortion mapping and anatomical imaging scans. While it is not necessary to disable these procedures entirely, it is imperative that the shimming and f 0 value not be recalculated for scans within the same series.
For the chemical shift of fat relative to water to be visible in the phase difference map, the ⌬TE must be selected such that ⌬TE n / ⌬f fat-water , where ⌬f fat-water is the difference in the resonance frequencies of fat and water ͓428 Hz at 3.0 T ͑Ref. 23͔͒. With fat and water out of phase, it is possible to correct for the chemical shift displacement in distorted images. However, when the full distortion map is determinedfrom which the Jacobian-based intensity correction is calculated-phase discontinuities at fat/water interfaces which arise when ⌬TE n / ⌬f fat-water , lead to an ill-defined FIG. 1 . The large FOV distortion characterization phantom designed to fill the lateral extent of the Philips 3T Intera bore. Details of the phantom and gradient distortion characterization scheme are described in our previous publication ͑Ref. 21͒.
Jacobian. An in-phase map ͑i.e., ⌬TE= n / ⌬f fat-water ͒ is better suited for the calculation of the Jacobian since B 0 distortions, and hence phase changes are generally smooth, and derivatives are thus well defined. Furthermore, because the chemical shift artifact only results in linearly shifted signal ͑as opposed to stretched or compressed signal͒, the distorted image can be accurately corrected for intensity distortions using the Jacobian calculated from the in-phase map. Phase difference maps were typically acquired as a 3D GE sequence with TR/ TE/ FA= 8.6 ms/ 3.3 ms/ 28°and an echo time difference, ⌬TE= 0.6 ms ͑fat and water out of phase͒ or ⌬TE = 2.3 ms ͑fat and water in phase͒. A phase difference map acquired with the above parameters on a 256ϫ 256ϫ 40 imaging grid adds less than 3 min of additional scan time.
III.C. Image analysis
To determine the large FOV gradient nonlinearity data, the MR and CT phantom images were processed using inhouse developed MATLAB-based software. Processing consisted of determining the 3D locations of the grid points, aligning the MR and CT data sets, and calculating the difference in positions. The details of the processing technique have been presented elsewhere. 21 Phase difference maps acquired using the double echo gradient echo imaging sequence were used to calculate sequence-dependent spatial distortion maps. Differences in precessional frequency-arising from variations in magnetic field strength ͑susceptibility or B 0 inhomogeneities͒ or from differences in Larmor frequency ͑fat and water͒-lead to phase evolution over time, as shown in Eq. ͑1͒. The phase difference map is phase wrapped with pixel values in the ͓ − , ͔ range. In order to calculate the field distortions and, hence, the sequence-dependent spatial distortions, it is therefore necessary to unwrap the phase difference map as an initial step. This was done using in-house developed MATLAB-based software and a robust unwrapping technique. 24 The method presented by Cusack et al. was extended to operate in 3D-this augmentation added considerable processing time, but had the added advantage of increasing the robustness of the unwrapping method; unwrapping errors are extremely rare. Phase unwrapping can take between 30 min and several hours, but does not add to patient scanning time since it is carried after the imaging session. The resulting 3D unwrapped phase difference map was used to calculate the field distortion map ⌬B using Eq. ͑2͒.
III.D. Distortion correction
Because several images of an object or patient may be collected during one imaging session, it is advantageous to be able to correct each image for distortion. As mentioned, the sequence-dependent spatial distortions depend on both the particular k-space trajectory of the imaging sequence and the gradient strengths used. Field distortions were determined in ppm based on the unwrapped phase difference map and were scaled according to Eq. ͑5͒ and/or Eq. ͑7͒ to provide as many sequence-dependent spatial distortion maps as required. It should be noted, however, that these distortion maps are subject to their own distortions; that is, they are collected in distorted image space. Because of the high read gradient strengths used to acquire the phase difference maps, their sequence-dependent spatial distortions are minimal ͑usually less than 1 pixel͒; nevertheless, both sequenceindependent and sequence-dependent distortions are first corrected such that the final sequence-dependent distortion maps are given in undistorted image space.
The mapping of distorted to corrected image coordinates is accomplished by combining the phantom-based sequenceindependent distortion map with the object-or patient-based sequence-dependent spatial distortion map. If necessary, the two distortion maps are interpolated to the same resolution and orientation as the image for which distortion correction is required. Thus, a pixel-to-pixel mapping of distorted and corrected coordinates is produced. Image correction then amounts to the simple task of 3D interpolation which is carried out in MATLAB. As a final step, the image intensities are corrected through calculation and application of the Jacobian scaling factor. This is easily calculated based on the final 3D distortion map according to the methods described by Doran et al.
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IV. RESULTS
The full distortion correction technique was benchmarked using a variety of phantoms, each designed to measure and/or illustrate a particular type of distortion. First, gradient nonlinearities were mapped using the large FOV phantom based on both MR and CT images of the phantom. Corresponding MR and CT images are shown in Fig. 2 . Severe distortion is visible near the image edges; in fact, the full lateral extent of the phantom could not be imaged in MR due to extreme inhomogeneities near the edge of the bore which result in rapid intravoxel dephasing. Gradient distortions were mapped over a 440ϫ 265ϫ 87 mm 3 region and were observed to increase rapidly with increasing distance from the magnet's isocenter. Peak-to-peak distortions from gradient nonlinearities in the central portion of the phantom ͑260ϫ 265ϫ 87 mm 3 ͒ were 5.4, 5.0, and 1.6 mm ͑in the x, y, and z gradients, respectively͒. When gradient nonlinearities were measured over the large FOV phantom, the values nearly doubled-to 10.6, 9.8, and 3.1 mm, respectively.
The sequence-dependent distortion mapping procedure was first tested on a large flood-field phantom. Figure 3͑a͒ shows the wrapped phase difference map acquired using the double gradient echo imaging sequence ͑⌬TE= 7 ms͒, while Fig. 3͑b͒ shows the field distortion map in ppm calculated from the unwrapped phase difference map. The field distortion map was acquired without any autoshimming and illustrates the good homogeneity of the Philips 3T Intera system over a large central region. The image was acquired with a 400 mm FOV in a transverse plane through isocenter and peak-to-peak field inhomogeneity does not exceed 5 ppm. The same measurement was performed using the large FOV grid phantom ͑see Fig. 1͒ and similar results were obtained; however, the larger size of the grid phantom allowed field distortion measurements to be taken even further from the isocenter; distortions were seen to increase rapidly with increasing distance from isocenter. Peak-to-peak field inhomogeneity rose to approximately 20 ppm near the edge of the 500 mm FOV image.
Next, the distortion correction technique was tested on a susceptibility phantom as shown in Fig. 4 . The central cylindrical portion ͑2.8 cm in diameter͒ is open to the air while the surrounding volume ͑8.2 cm in diameter͒ is filled with water. Because of the large difference in magnetic susceptibility values for air and water-X water = −9.05 ppm, X air = 0.36 ppm ͑Ref. 25͒-strong magnetic field gradients are generated and distortions near air/tissue interfaces often represent a worst case scenario in clinical images. The susceptibility phantom was thus designed to simulate these interfaces ͑as in the sinuses or bowels͒ and to provide a means of evaluating the distortion measurement and correction technique under such simplified imaging conditions. Coronal images were acquired using a low read gradient strength ͑5.4 mT/m͒; a single slice is shown in Fig. 4͑a͒ . The field distortion was measured using the double gradient echo sequence and a larger read gradient strength ͑20.6 mT/m͒ and is shown in Fig. 4͑b͒ in ppm. From the field distortion map, sequence-dependent spatial distortions were calculated; distortions of up to 7 pixels exist in the frequency encoding direction ͑vertical͒ in Fig. 4͑a͒ where the circular shape of the central air tube is distorted into an arrowhead shape. The full spatial distortion map for the image in Fig. 4͑a͒ was generated by scaling the sequence-dependent spatial distortion map and combining it with the sequence-independent distortions ͑gradient nonlinearity maps͒ obtained from the large FOV phantom. The circular nature of the central air tube is very well represented in the corrected image shown in Fig. 4͑c͒ . For improved visualization of the effect of the distortion correction procedure, an edge function was used to highlight the basic shapes present in the original and corrected images; this is shown in Fig. 4͑d͒ .
After testing the distortion measurement and correction scheme on the susceptibility phantom, it was implemented on a fat/water phantom, as illustrated in Fig. 5 . The main chamber of the phantom contains water on the bottom and mineral oil on the top; the central chamber contains oil as well as several smaller chambers of water. The field distortion map obtained from the double gradient echo phase difference mapping sequence is shown ͑in ppm͒ in Fig. 5͑b͒ . While Jezzard and Balaban 20 suggest choosing an echo time difference such that ⌬TE= n / ⌬f fat-water ͑⌬f = 428 Hz at 3T so ⌬t = n · 2.34 ms͒ ͑Ref. 23͒ in order to avoid chemical shift artifacts in the field map, we have chosen a shorter echo time difference-⌬t = 0.6 ms-so that fat and water are out of phase. Thus, the field distortion map contains information about not only susceptibility and B 0 distortions, but also chemical shift boundaries, and all three types of distortion can be corrected. Again, the distorted image was corrected by combining the sequence-dependent spatial distortions ͑calculated from the field distortion map͒ with the gradient nonlinearity data. Because the fat/water boundaries result in discontinuities in the distortion map, the Jacobian, which is based on derivatives, is not well behaved. Thus, either a second field distortion map can be acquired with fat and water in-phase and used for the Jacobian calculation, or the distortion map can be postprocessed to remove the constant offset chemical shift distortions before the Jacobian is calculated. In this case, two field distortion maps were obtainedthe first, with ⌬t = 0.60 ms, was used for distortion correction ͑pixel interpolation͒, and the second, with ⌬t = 2.34 ms, was used for calculating the Jacobian. As previously mentioned, removing chemical shift information from the phase difference map ͑i.e., by choosing ⌬t = 2.34 ms͒, does not degrade the efficacy of the Jacobian correction. Chemical shift results only in displacement of the fat signal relative to the water signal; there is no change in the effective voxel size and thus image intensities are not altered Original and corrected images are shown in Figs. 5͑a͒ and 5͑c͒, respectively, and the difference map is shown in Fig.  5͑d͒ . Both the central chamber and the oil-filled top section of the phantom are shifted to their correct positions in the rectified image. Limitations of the method can be noted, however, in the rectified image where the signal voids surrounding the large central oil chamber and the small central water chambers are not properly represented as signal voids ͑white arrow͒. In these regions, the distortion mapping is not one-to-one-that is, signal from more than 1 pixel gets mapped to a single pixel in the distorted image. Such distortions cannot be fully corrected.
To test the accuracy of the distortion correction scheme, a single field distortion map was obtained for a grid phantom. This was followed by the acquisition of several images using a variety of sequence parameters. Spin echo, gradient echo, and echo planar images were acquired with the 2XY shims mis-set to 20% of their maximal value; imaging parameters are summarized in Table I . A sequence-dependent spatial distortion map was calculated for each of the images based on the field distortion map and the particular imaging parameters ͑i.e., the combination of the k-space traversal information-GE or SE vs EPI-and the relevant gradient strengths͒. The sequence-dependent spatial distortion maps were combined with the sequence-independent distortion map and each of the images was corrected. Rectified images and difference maps are shown in Fig. 6 . The original GE, SE, and EPI images are shown in the top row ͓Figs. 6͑a͒-6͑c͔͒. A single phase difference map was acquired and converted to a field distortion map according to Eq. ͑2͒; field distortions ranged from Ϫ1 to +1 ppm. Individual sequence-specific spatial distortion maps were then calculated based on Eqs. ͑5͒ and ͑7͒; these are shown in Figs. 6͑d͒-6͑f͒. The total spatial distortions were modest for both the SE and GE images. The locations of the measured control points did not deviate from the true positions by more than 4.4 and 3.3 mm, respectively. Mean distortions were about 40% of the maximum distortions. Despite the modest initial distortion, the correction scheme greatly improved the accuracy of the control point locations; maximum residual distortion was reduced to 0.6 and 0.3 mm, respectively. An unrelated zipper artifact is observed in the SE image due to temporary RF interference. Owing to the very low effective bandwidth in the phase encode direction used for the EPI image, spatial distortions were considerably greater. Maximum control point distortion was measured at 23.7 mm, while the mean distortion for control points was 9.9Ϯ 6.3 mm. Even larger distortions are present at the phantom extremities. The ghosting visible in both the original and corrected EPI images arises from the misalignment between even and odd echoes that result from using both polarities of the read gradient to fill the EPI k space. 16 Visual inspection of the corrected image shows great improvement in geometric accuracy; quantitatively, the maximum and mean distortions were reduced to 3.4 and 1.2Ϯ 0.7 mm, respectively. Although mean distortion in the corrected image is in the range of 1-2 mm, this is still less than the pixel dimensions. Moreover, some of this residual error may be attributed to the poorer image quality of EPI, the increased blur, and hence, the challenge of accurately defining control point locations. Additionally, even very small errors in the sequence-dependent distortion map could affect the accuracy of the correction result. For example, an offset of 0.1 ppm could result in a 2 mm offset in the corrected image based on the gradient strength used for this particular sequence. Finally, the full distortion correction technique was applied to both GE and SE pelvic images of a male volunteer. The large field of view phantom was used to collect gradient nonlinearity data over the extent of the bore to facilitate correction of larger image sets ͑as for pelvic imaging͒, or for images acquired on anatomy near the edge of the bore ͑as is often the case for sarcomas͒. Figure 7 shows the sequenceindependent spatial distortions due to x, y, and z gradient nonlinearities ͓Figs. 7͑a͒-7͑c͔͒ as well as sequencedependent spatial distortions, original, and difference images for a GE sequence ͓Figs. 7͑d͒-7͑f͔͒ and for a SE sequence ͓Figs. 7͑g͒-7͑i͔͒. The anatomical GE and SE images were acquired with a 400ϫ 250ϫ 120 mm 3 FOV, and an acquisition matrix of 256ϫ 160ϫ 24 for the GE image and 256 ϫ 154ϫ 24 for the SE image. The read and slice-select gradients for the GE image were 3.3 and 2.5 mT/m, respectively; for the SE image they were 2.0 and 2.5 mT/m, respectively. The phase difference map was acquired as a 3D GE sequence using the same FOV; it added less than 3 min of scanning time. An echo time difference of 0.6 ms was used in order to provide information about chemical shift artifacts. The phase unwrapping took 1 h and there were no apparent unwrapping errors throughout the imaged volume. Sequenceindependent spatial distortions were limited to ͓Ϫ2 mm, 2 mm͔ over the patient volume, while sequence-dependent spatial distortions fell within the range ͓Ϫ6 mm, 5 mm͔ for the GE sequence and ͓Ϫ10 mm, 8 mm͔ for the SE sequence. FIG. 6 . Validation of multi-image distortion correction using a grid phantom and a single field distortion map. The 2XY shims were mis-set to 20% of the maximal value. ͓͑a͒-͑c͔͒ Gradient echo, spin echo, and echo planar images of the grid phantom. ͓Note: An unrelated zipper artifact is observed in the spin echo image ͑b͒ due to temporary RF interference and N/2 ghosting is seen in the EPI image ͑i͔͒. ͓͑d͒-͑f͔͒ Sequence-dependent spatial distortion maps for images ͑a͒-͑c͒, shown in millimeters. Spatial distortion maps were calculated from a single field distortion map based on Eqs. ͑5͒ and ͑7͒. ͓͑g͒-͑i͔͒ Images shown in ͑a͒-͑c͒ corrected for both sequence-dependent and sequence-independent spatial distortions. ͓͑j͒-͑l͔͒ Difference maps for images ͑a͒/͑g͒, ͑b͒/͑h͒, and ͑c͒/͑i͒.
FIG. 7.
Distortion correction for GE images ͓͑d͒ and ͑e͔͒ and SE images ͓͑g͒-͑i͔͒ of a male volunteer. ͑a͒ x-gradient nonlinearity distortions ͑mm͒. ͑b͒ y-gradient nonlinearity distortions ͑mm͒. ͑c͒ z-gradient nonlinearity distortions ͑mm͒. ͑d͒ Sequence-dependent spatial distortions ͑mm͒ for the GE sequence. ͑e͒ Original GE image. ͑f͒ Difference map ͑corrected-original͒. ͑g͒ Sequence-dependent distortions ͑mm͒ for the SE sequence. ͑h͒ Original SE image. ͑i͒ Difference map ͑corrected-original͒.
V. DISCUSSION
The large FOV phantom provides gradient nonlinearity ͑sequence-independent spatial distortion͒ data over the full imaging extent of the 3 T Intera bore. It is at the edges of large fields of view where distortion correction is most needed and, consequently, where the largest effect of distortion correction techniques will be observed. Although tumor volumes may not be located near the bore's periphery, patient outlines often will be. For effective dose calculation in the radiation treatment planning process, correct patient outlines are imperative.
Phase difference mapping was used to measure field distortions due to B 0 inhomogeneities, susceptibility differences, and chemical shift artifacts. From the field distortion map, sequence-dependent spatial distortions were calculated; they were combined with gradient nonlinearity data obtained from reverse gradient images of the large FOV phantom to provide full 3D distortion correction maps for each image. The technique was implemented on a variety of phantoms, each designed to focus on a particular type of distortion. Although the technique cannot fully correct for distortions which are not one-to-one ͑i.e., where signal from two distinct locations are mapped to a single voxel͒, it proved very effective under a variety of circumstances including large susceptibility differences, inhomogeneous field conditions, and very low gradient strengths.
Phase difference mapping as a means of calculating sequence-specific spatial distortions has a number of advantages over the reverse gradient technique. Although good results can be obtained using gradient reversal, matching corresponding image features in both images is a nontrivial task and is subject to propagating errors based on incorrect initialization of image boundaries. 19 While an additional scan is still required for phase difference mapping, the length of the scan is typically quite short, and the single scan of a few minutes can be used to correct a variety of images for the same patient. It is assumed that no patient motion occurs between the acquisition of the phase difference map and the images for which distortion correction is required. It is unlikely that this condition is strictly met; however, radiation treatment is typically carried out with the aid of treatment shells which may reduce the likelihood of significant movement. To date, much of the MRI distortion correction literature has been devoted to correction of EPI distortions arising from B 0 inhomogeneities. Several interesting techniques including phase labeling 26, 27 and phase evolution rewinding 17 may provide interesting alternatives to the spatial domain correction of sequence-dependent distortions shown here, but none of these techniques take into consideration sequenceindependent distortion corrections ͑gradient nonlinearity͒ which remain an issue for treatment planning purposes. Furthermore, residual distortion following image correction is rarely quantified. In order to use MR images for radiation treatment planning, full distortion correction-for sequencedependent and sequence-independent spatial distortionmust be carried out and minimal residual distortion must be confirmed.
VI. CONCLUSIONS
In summary, a procedure for comprehensive distortion correction of clinical MR images has been presented. Correction combines gradient nonlinearity data obtained from phantom measurements using the reverse gradient technique with sequence-dependent spatial distortion maps obtained from a single 3D phase difference mapping image. Total patient scan time is typically increased by 3 min and a variety of distortion-corrected images can be obtained. The technique was validated on phantoms and then implemented on images of patient volunteers. While the amount of distortion present in patient images can vary widely, distortion can generally be reduced to within the subpixel range.
